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ABSTRACT 

ROSAT All-Sky Survey data near the North Galactic Pole was analyzed in order to study the large- 
scale distribution of soft X-ray emission from the Coma cluster. These ROSAT data constitute the only 
available X-ray observations of Coma that feature an in situ - temporally and spatially contiguous 
- background, with unlimited and continuous radial coverage. These unique characteristics of the 
ROSAT All- Sky Survey data are used to deliver a final assessment on whether the soft excess previously 
detected in the Coma cluster is due to background subtraction errors, or not. This paper confirms the 
presence of soft X-ray excess associated with Coma, and reports the detection of 1/4 keV band excess 
out to 5 Mpc from the cluster center, the largest soft excess halo discovered to date. We propose that 
the emission is related to filaments that converge towards Coma, and generated either by non-thermal 
radiation caused by accretion shocks, or by thermal emission from the filaments themselves. 
Subject headings: galaxies: clusters: individual (Coma); cosmology: large-scale structure of universe 



1. INTRODUCTION 

X-ray emission from galaxy clusters is due primar- 
ily to a hot virialized plasma at a temperature kT ~ 
10 7 - 10 s keV that fills the intra-cluster medium (ICM). 
Evidence for an ad ditional emission co mponent was ini- 
tially discovered by iLieu et ail (|1996al lbl) in the extreme 
ultra-violet (hv ~ 0.1 keV) with EUVE observations of 
the Virgo and Coma clusters, and then confirmed with 
several other i nstruments, notab ly in the ROSAT 1/4 
keV band (see lDurret et al.ll2008l for a recent review of 
the li t erature; detections in Coma include IBowver et al.l 
2004 iFinoguenoy et "all I2003L IBonamente et all 12001 
Nevalainen et al.l l2003i IBowver et al.l Il999f ). The ex- 
cess emission is usually modeled as an additional ther- 
mal component of lower temperature (kT ~ 10 6 — 10 7 
keV) or as a non-thermal power law. An additional thcr- 
mal model may a rise from cooler gas inside the cluster 
(ILieu et al.lll996bl). pos sibly in pressure equilibrium as in 
the ICheng et all ((20051 ) model, or from warm filaments 
seen i n projection towards c lusters (e.g.. iMittaz et all 
12004 IBonamente et al.l I2005D . A non-thermal power 
law is indicative of relativistic electrons that scatter the 
CMB photons and emit by Compton scattering (e.g., 
ISarazin k Lieulll998b ILieu et al.|[l999fh Given the lim- 
ited spectral resolution of the current CCD detector 
technology, it has not been possible to prove conclu- 
sively wh ich additional model is a better fit to the data 
(see, e.g..lNeyalainen et aLll2003t IBonamente et al.ll2005l ; 
IWerner et al.ll2007f K 

In the main X-ray band (~ 0.5-10 keV), cluster spec- 
tra in annular regions are typically well fit by single- 
temperature models. Recently, it has become evident 
that the best-fit temperature of the hot plasma is band- 
dependent, with a trend of lower te mperatures when 
lower-energy bands are used in the fit (|Nevalainen et alj 
l2003HCavagnolo et al.ll2lM IBonamente et al.ll2007f k this 
behavior is naturally explained by the presence of an ad- 
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ditional soft component. 

In the absence of conclusive spectral evidence on the 
origin of the excess emission, clues can be found from the 
spatial distribution of the excess. The excess emission 
typically i ncreases with radius, with respect to the hot 
ICM (e.g.. ILieu et~aTlll999l : IBonamente et al.ll2001af) . in- 
dicating that the excess component is likely unrelated to 
the hot ICM. Attempts at resolving the emission h ave so 
far been unsuccessful (e.g. IBonamente et alj 12003). and 
thus a truly diffuse origin for the excess emission is fa- 
vored. To date, the excess emis sion was detected out t o 
a maximum radius of 1.7 Mpc (|Bonamente et al.ll2003l) . 
and typically at radii < 0.5-1 Mpc; at these radii, the 
hot plasma has a density of ~ 10 -4 — 10~ 5 cm~ 3 , and 
can support ~ jiG magnetic field s that give rise to ra- 
dio halos (e.g. iFeretti et all 120011: iBrunetti et"aTl l2007l: 
iClarke fc EnssIirE oOfi) . Therefore, a non-thermal origin 
of the excess can be justified. 

Detection of the excess emission is particularly sen- 
sitive to the background subtraction process. The soft 
X-ray sky is known to have gradi ents on the scales of 
degrees (e.g.. ISnowden et"ail 119971 ). requiring that the 
background is estimated from a region that is spatially 
contiguous to the cluster. Moreover, temporal variabil- 
ity can be induced by Solar flares, which cause charge- 
exchange radiation that varies on time scales of hours; 
the most accurate background subtraction is therefore 
performed when a simultaneous background measure- 
ment is available, e.g., from peripheral regions of the de- 
tector. Such time- and space-contiguous background was 
used in the early EUVE and ROSAT works, thanks to 
the large field of view of those instruments. In the case 
of XMM-Newton and Chandra, the local background is 
only available for high-redshift clusters of smaller angu- 
lar size. An incorrect backgrou nd subtraction cau sed by 
time variability was shown by iTakei et al.l ([20080 to be 
the reason for an earlier claim of detection of O VII emis- 
sion lies associated with the soft excess emission. In the 
case of the Coma cluster, even the 1 degree radius of the 
PSPC emission is entirely filled by cluster emission, and 
therefore a time-contiguous background was not avail- 
able in our earlier analysis based on pointed observation 
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(|Bonamente et al.ll2003l ). 

In this paper we analyze ROSAT All-Sky Survey data 
in the direction of the Coma cluster. Thanks to the all- 
sky nature of the observations, these data are the only 
observations of Coma to feature a background that is 
spatially and temporally contiguous, and with unlimited 
radial coverage. We therefore aim to show that excess 
emission is present when this local background is used, 
and determine the maximum radius of detection of the 
excess emission. This paper is structured in the following 
way: m Section [2] we describe the ROSAT All-Sky Sur- 
vey data, the data analysis and the detection of the soft 
excess emission, in Section [3] we interpret the emission 
using thermal and non-thermal models, and in Section 3] 
we discuss our results and present our conclusions. 

2. DATA REDUCTION AND ANALYSIS 
2.1. The ROSAT All-Sky Survey data 

The angular resolution of the R OS A T X-ray telescope 
in combination with the PSPC camera is approximately 
1.8' (50% encircled energy radius averaged over the field 
of view), and the energy resolution is approximately 
AE/E = 0.43(£70.93 keV)' 05 FWHM, corresponding 
to a AE ~ 0.2 keV in the 1/4 keV band, and AE ~ 0.5 
keV at 1.5 keV. The field of view of PSPC is circular 
with approximately 1 degree radius. During the first 
year of operation, ROSAT performed an all-sky X-ray 
survey, which included an exposure of ~ 850 second s 
in the direction of th e Coma cluster (jBriel et al.l Il992h . 
iSnowden et all (fl997h analyzed the ROSAT All-Sky Sur- 
vey (RASS) and provided maps on the diffuse soft X-ray 
emission in seven bands (Rl through R7), with linear 
pixel of size 12'. The R2 band is the softest band with re- 
liable calibration (90% of peak response 0.14-0.284 keV), 
and band R7 (1.05-2.04 keV) is the highest energy band 
available with the PSPC detector. 

The maps exclude bright point-like sources identified 
from the RASS data themselves, using a flux threshold 
for which the RASS source catalog is complete over 90% 
of the sky. In the R1+R2 band, the flux threshold is 
0.025 count s s" 1 , and in the R6 +R7 band it is 0.020 
counts s _1 (jSnowden et al.llT997f L This choice resulted 
in the exclusion of the central pixel of the Coma cluster 
in the R2 band, which appears point-like at the reso- 
lution of these data. The units of the emission maps 
are 10~ 6 PSPC counts s _1 arcmin -2 (a detector-specific 
measure of the intensity of radiation, proportional to the 
surface brightness), and take into account the effects of 
vignetting, different exposure times of a given sky region, 
detector artifacts, obscuration by the window support 
structure, and other efficiency variations. The maps of 
the diffuse emission are complemented by matching maps 
of the estimated uncertainty in the intensity, needed in 
order to determine the statistical significance of the em is- 
sion above the local background (jSnowden et al.lll997t ) . 3 

These X-ray data represent a unique opportunity for 
the detection of diffuse emission associated with the 
Coma cluster. These are in fact the only observations 

3 The maps of the diffuse X-ray emission can be found a t 
http : //www. xr ay .mpe .mpg. de/rosat /survey/ sxrb/ 12/ass .html 
The R2 and K7 bands used rn this work are 
g000p90r2bl20pm.f its and g000p90s2bl20pm.f its for R2 
band, and g000p90r7bl20pm.f its and g000p90s7bl20pm. f its for 
R7 band. 



that feature both a large radial coverage and a simulta- 
neous background measurement. The latter feature is es- 
pecially significant, in an effort to avoid background sub- 
traction problems caused by t he charge- exchan ge radia- 
tion induced by solar activity (jTakei et al.ll200ct ). Owing 
to the scanning mode in which ROSATwas operated dur- 
ing the survey, any enhancement caused by solar wind- 
induced emission will be present in both cluster and back- 
ground regions. No other X-ray mission has performed a 
survey of the X-ray sky, or has a field of view which covers 
such a large area of the sky. The pointed ROSAT All- 
Sky Survey observ ations of Coma, which we analyzed in 
a previous paper (jBonamente et al.ll2003h . covered only 
a region of 1 degree radius, and thus could not investi- 
gate the emission beyond that distance, or with a local 
background. 

2.2. Calibration accuracy of the ROSAT PSPC 

Initial calibra tion of the ROSAT PSPC was performed 
on the ground (jPfe fferman n et aT1ll987h . Of particular 
interest to the results of this pap er is the calibra t ion o f 
the effective area in the R2 band. ISnowden et al.l (|1995l ) 
compared PSPC observations of the diffuse soft X-ray 
backgrou nd with observations from the Wisconsin sur - 
vey (e.g. iMcCammon et al.lll983t iGarmire et aLlll992t) ; 
the comparison revealed that the PSPC effective area 
was w ell calibrated withi n a 10 % uncertainty. More re- 
cently, iBeuermann et all (|2006f ) compared the extreme- 
ultraviolet and soft X-ray fluxes of three standard can- 
dles observed by the Chandra LETG, EUVE and ROSAT 
PSPC, and found that the agreement between the vari- 
ous instruments indicate that the PSPC effective area is 
calibrated within a few % error. These results indicate 
that the uncertainties in the R2 band effective area are 
of the order of few percent; as it will be shown in the 
following, this level of uncertainty will not affect any of 
the results presented in this paper. 

2.3. Images and radial profiles of the X-ray surface 
brightness 

In Figure [T] we show the diffuse surface brightness in 
a region of 400 square degrees around the Coma clus- 
ter. The R2 band map features the northern edge of 
the North Polar Spur in the bottom right quadrant of 
panel (a); the two black pixels indicate the location of 
two p oint-like features removed by the ISnowden et al.l 
(|1997f ) data reduction. The R7 band image indicates 
that the 1-2 keV local background in the neighborhood 
of Coma does not feature any large-scale gradients. 

We obtained azimutally averaged radial profiles of the 
surface brightness in the two bands (Figure cen- 
tered at R.A=12 ,l 59'50", Dec.=+27°58'59", located at 
the center of Figure [1] 4 Analysis of the R2 profile in 
Figure UK a) shows that the North Polar Spur region is 
likely to affect the level of emission at distances > 6° 
from Coma. We therefore estimate the local background 
in two ways: as the average of the 4 — 6° region, and as 
the average of the 4 — 10° region (Table [1]). Given that 
the two estimates of the background are statistically con- 
sistent with one another in each band, we use the 4 — 6° 
background in the following analysis; all results presented 

4 This position corresponding to pixel (247.80,251.08) in the 
Snowden maps. 
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FlG. 1. — Images of the diffuse emission of Coma in bands R2 
(a) and R7 (b) . Units of the emissions are 10" 6 PSPC counts s" 1 
arcmin -2 . 

in this paper are unchanged if the 4 — 10° background 
is used instead. The choice of 4° as the minimum dis- 
tance is motivated by the fact that the emission appears 
to fade into the background between 3 and 4 degrees, 
consistent with the fact that Coma is not known to emit 
X-rays at such large distances. For a Hubble constant 
of H =73 km s _1 Mpc -1 , 1 degree corresponds to 1.67 
Mpc at the redshift of the Coma cluster (z = 0.024). 

The radial profiles indicate the 1-2 keV emission 
reaches the local background at a radius of ~ 2°, while 
the softer R2 band has emission above the local back- 
ground out to (at least) 3°. The radial profiles therefore 
indicate that the Coma cluster has an additional soft 
emission component at large radii. Measurements of the 
virial radius of Coma were recently ob tained by weak 
lensing measurements (jKubo et al.ll2007l . r 2 oo = 2.7 ±0.3 
Mpc for Hq = 73 km s -1 Mpc -1 ), galaxy kinematics 
(jLokas fc Mamonll2003l r v = 2.8 ± 0.8 Mpc for H = 73 
km s" 1 Mpc -1 ) and redshift survey of cluster galax- 
ies (|Geller et all I1999L r 200 ^ 2.1 Mpc for H = 73 
km s -1 Mpc -1 ). These measurement s are in agr e ement 
with earlier X-ray measurements by iBriel et al.l (|1992l 
based on these ROSAT data) and iHughesI (|1989l based 
on Einstein data), which detected X-ray emission at ra- 
dial distance of <100 arcmin. The present detection of 
soft X-ray emission out to (at least) 3° or 5 Mpc, there- 



FlG. 2. — Radial profiles of the diffuse emission near Coma in 
R2 (a) and R7 band (b). Units of the surface brightness are 10 — 6 
PSPC counts s — 1 arcmin -2 . 

fore tracks the soft X-ray emission out to the virial ra- 
dius, and also constitutes the largest continuous halo of 
X-ray emission detected to date in any galaxy cluster. 

2.4. The soft X-ray excess emission 

Futher analysis of the soft emission must take into ac- 
count the contribution of the hot intra-cluster medium 
to the R2 band emission. Given the limited spectral res- 
olution and narrow bandpass (~0.2-2 keV), the ROSAT 
All-Sky Survey PSPC data are not ideal for the deter- 
mination of hot plasma temperatures. We therefore rely 
on other X-ray studies of Coma, which consistently mea- 
sure a pl asma temperature of kT ~ 8 keV in the ce ntral 
20' fe.g-. IArnaud et al.ll200lULutovinov et al.l l2008l). At 
larger radii. iFinoguenov et al.l (|2001h measure tempera- 
tures in the range of 15-3 keV for regions between 0.5- 
1.5° from the cluster center, consistent with the decrease 
of temperature at lar ge radii observed in other clusters 
(|Vikhlinin et al.ll200ll . 

In order to estimate the hot ICM contribution to the 
R2 band, we assume that the average plasma temper- 
ature has the distribution shown in Table [5J decreasing 
from 8 keV to 2 keV between the center and the outskirts. 
We estimate the ratio of R 2-to-R7 band count rat es using 
the method described in ISnowden et al.l (|1997f ). which 
consists of using the on-axis PSPC response function 
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R2 


R7 


4-6° 


555.7 ±2.3 


42.8 ±0.7 


4 - 10° 


558.0 ± 1.2 


43.1 ±0.3 



TABLE 1 



Polar Spur emission- and highlights the need of a local 
background for the purpose of background subtraction. 



Region 


kT 


R2/R7 


(°) 


(keV) 


c/r ratio 


0-0.5 


8 


1.04 


0.5-2 


4 


1.28 


2-4 


2 


1.80 



O J-*-*-T--* it-^- 1 



TABLE 2 

Average temperature of the Coma plasma, and ratio of 
r2-t0-r7 count rate for pspc. 



in conjunction with an optically thin plasma emission 
model 5 . The distribution of Galac tic HI in the di- 
rectio n of Coma was in vestigated in [Bp namcntc et al.l 
(200 3|), by means of t helDickev &: Lockmanl (|T990) and 
lHartmann fc Burton! dl997|) 21-cm data, and IRAS 100 
/jm data. For a region within 5° from the cluster center, 
the HI column density is between Nr = 0.8 — 1.1 x 10 20 
cm~ 2 , with no evidence of large-scale gradients; for the 
count-rate ratios in Tabled we assumed Njj = 0.9 x 10 20 
cm~ 2 , which is appropriate for the radial range of inter- 
est. The count-rate ratio is also sensitive to the chem- 
ical composition of the plasma; in particular, a higher 
abundance A of metals results in a lower R2-to-R7 ra- 
tio, due to emission lines processes. We therefore used a 
conservative value of A = in deriving the estimates of 
Table [2j if an abundance of A = 0.3 was used instead, 
the count-rate ratio would decrease respectively to 1.03 
(8 keV), 1.20 (4 keV) and 1.48 (2 keV), causing a lower 
prediction for the contribution of the hot ICM in the R2 
band and higher soft X-ray fluxes. For each annulus, we 
thus estimate the hot ICM contribution to the 1/4 keV 
band by multiplication of the background-subtracted R7 
intensity (Figure [2]) by the factor in Table [2] 

In Figure[3]we show the R2 band excess emission above 
the contribution of the hot ICM. This determination of 
the excess emission clearly depends on our choices in the 
modelling of the thermal plasma. If the plasma tempera- 
ture in the 0.5-2° region is higher, then our estimates are 
a strict lower limit. The excess emission is still detected 
at high significance by using a temperature as low as 2 
keV for the 0.5-2° region; in this case, the significance of 
detection of the three bins in Figure[3]between 0.5 and 2° 
decreases, respectively, from 7.0, 8.0 and 6.1 a to 4.2, 6.9 
and 5.1 a. The uncertainty in the R2 excess takes into 
account the error in the background measurements from 
the 4-6° region. As noted above in Scction l2~3l the excess 
is detected with same statistical significance if the 4-10° 
region is used to estimate the background. The increase 
in the 1/4 keV band flux at radii > 8 ° is associated with 
a North Polar Spur feature clearly visible in Figure [TJ 
and gives rise to a spurious 1/4 keV excess. This emis- 
sion was the reason for our choice of the local background 
in the 4-6° region - which is less affected by the North 

5 This procedure was also confirmed by S. Snowden. private 
communication. The PSPC-C camera was used for the All-Sky 
Survey. 
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Fig. 3. — Radial profile of the excess emission in R2 band, above 
the contribution from the hot ICM . Units of the excess emissions 
are 10 — 6 PSPC counts s —1 arcmin~ 2 . 



3. INTERPRETATION OF THE EXCESS EMISSION 

In Section [2] we discussed possible sources of system- 
atic error that may affect the excess emission shown in 
Figure [3j and concluded that the signal cannot be ex- 
plained by errors in the HI column density, modelling of 
the hot plasma, or background subtraction. We there- 
fore proceed to investigate if the emission can be due to 
unresolved point sources, and then discuss two scenarios 
for a cluster origin of the emission. 

3.1. Point source emission 

Given the limited angular resolution of these ROSAT 
All-Sky Survey data, a possible explanation for the de- 
tected excess is that the signal is associated with a num- 
ber of unresolved point sources (e.g., galaxies) in the 
Coma field. We address this possibility by using the anal- 
ysis of X-ray point sources detected bv lFinoguenov et al.l 
(2004) in an XMM-Newton mosaic observation of the cen- 
tral Coma cluster with the XMM-Newton EPIC detector. 
Their analysis detects a number of X-ray point sources 
for a total combined flux of F = 0.67 ± 0.01 EPIC counts 
per second in the 1-2 keV band, in a circular area of ap- 
proximate radius 0.78°. We can use these numbers to 
estimate the contribution of unresolved point sources in 
our ROSAT All-Sky Survey data. First, we rescale the 
EPIC count rate to the PSPC count rate in the same 
energy band, taking into account that the PSPC camera 
has an average effective area that is ~ 7.5% that of the 
EPIC detectors, in the 1-2 keV band (|Finoguenov et all 
l200i iSnowden et al.lfl997h . Then, assuming (conserva- 
tively) that an equivalent population of X-ray sources is 
present at larger radii, we can estimate that the average 
brightness due to point sources in the R7 band is of or- 
der S — 7.2 x 10~ 6 PSPC counts per second per square 
arcmin. The contribution of these point sources to the 
R2 band depends on their spectrum; for an X-ray ther- 
mal spectrum with kT — 1 keV, typical of galaxies, the 
R2 count rate is approximately 2-2.5 times that in the 
R7 band, i.e., <~ lx higher than the R2-to-R7 conversion 
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factor used at radii > 0.5° in converting the R7 emission 
to the R2 band (see Table [2]). Unresolved point sources 
would therefore reduce the soft excess fluxes of Figure [3] 
by approximately 7.2 x 10~ 6 PSPC counts per second per 
square arcmin, which corresponds to 10% of the detected 
excess at radii less than 2°, and by 10-20% in the 2-3° re- 
gion. We therefore conclude that unresolved point source 
do not contribute significantly, if at all, to the detected 
signal. 

3.2. Diffuse excess emission associated with the Coma 

cluster 

The only remaining possibility is that the detected sig- 
nal is a truly diffuse celestial component related to the 
Coma cluster. These data therefore constitute the detec- 
tion of soft X-ray excess emission out to a radial distance 
of approximately 3°, or 5 Mpc, from the center of the 
Coma cluster. The main feature of the excess emission 
is its persistence beyond the radius where the hot ICM 
is detected (< 2°), thus providing strong evidence of the 
fact that the excess component is unrelated to the ther- 
mal plasma. We propose two possible explanations for 
this large-scale emission. 

The first explanation is that the emission is due to 
Compton scattering of CMB photons off of relativistic 
electrons, which have been accelerated at locations where 
gas accreting into the cluster potential becomes super- 
so nic, thus excit i ng sho ck waves. The radio observations 
of IBagchi efaLl (|2006[) show a very spectacular detec- 
tion of a ring of emission at a distance of ~ 1 Mpc from 
the center of the cluster Abell 3376, which is interpreted 
as the result of accretion shocks. There is theoretical 



R2 band effective area of the PSPC detector (A e tf ~ 150 
cm 2 ) the R2 band surface brightness is calculated as 
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2006) and observational e vidence (e.g.. lFinoguenov et al 



2003; IWerner et aT]|2008l ) that diffuse filaments at kT ■ 
10 5 — 10 7 K are present in the inter-cluster medium; these 
structures are therefore the ideal candidate for providing 
gas accreting into the deeper cluster potential. Shock 
acceleration, requires the presence of magnetic fields, in 
order to generate Al fven waves that act as scattering cen- 
ters (e.g. lBelllll978l ). Magnetic fields are clearly present 
in Abell 3376, as revealed by the non-thermal radio emis- 
sion; it is however not clear, though, how magnetic fields 
would arise in an environment where the density of gas 
is expected to be very low (< 10~ 5 cm -3 ). 

Another interpretation is that optically-thin soft X-ray 
emission from the filaments themselves is responsible for 
the detected emission. This sce nario has been discussed 
in several prior papers fe.g.. [Bonamente et al.l 120031 : 
iMittaz et all |2004 IBonamente et al.l l2005f) . in which it 
was found that the column density of the filaments would 
exceed the expectations based on numerical simulations. 
We use the present ROSAT All-Sky Survey data to es- 
timate the characteristics of the filaments that may be 
responsible for the excess emission. We assume filaments 
at a temperature of kT = 0.1 keV, and with null abun- 
dance of metals, typical of in tergalactic filamen ts, and 
use the APEC emission code (jSmith et al.ll200lh to cal- 
culate the emissivity as A = 4.5 x 10 -16 counts cm 3 s^ 1 
in the 0.14-0.284 keV (R2) band. We also assume a uni- 
form electron density of n = 10~ 4 cm~ 3 , corresponding 
to a baryonic overdensity of 5 ~ 200 — 300 (for Ho=73 
km s _1 Mpc -1 ), an average filament length of L = 5 
Mpc in the direction of the observer. Using the average 
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Comparison with Figure [3] shows that this is in fact the 
typical excess emission detected at the outskirts of the 
Coma cluster (radii > 1.5°). Since the surface brightness 
is proportional to n 2 L, lower density filaments would re- 
quire to be substantially longer along the sightline, in 
order to explain the detected emission. Filaments of this 
density or length are more massi ve than typical filam ents 
in numerical simulations (e.g., Mittaz et al.l 120041 ). A 
possible explanation for the variance between observa- 
tions and numerical models is that the filaments are ac- 
tually magnified by gravitational lensing caused by the 
cluster potential, as discussed in Lieu and Bonamente 
(2009, submitted). 

An addit i onal interpretation can be provided by the 
iProkhorovl (|2008f ) model in which the soft excess emis- 
sion is the result of a non-equilibrium state between elec- 
trons and ions present at the cluster's outskirts. The 
model predicts soft X-ray excess from low-temperature 
electrons near the virial radius, which is approximately 
2-3° (see Section |2~3}. These ROSAT All- Sky Survey ob- 
servations are compatible with such scenario. 

4. DISCUSSION AND CONCLUSIONS 

These ROSAT All-Sky Survey data provide a unique 
view of the soft excess emission from the Coma cluster, 
which is now detected out to a ^5 Mpc radius. Dif- 
fuse filaments of warm gas provide the natural interpre- 
tation for the excess emission, either via particle accel- 
eration at accretion shocks, or simply via their thermal 
emission. The scenario of thermal emission from fila- 
ments was te sted using XMM-Newt on observations of 
Abell S1101 (jBonamente et al.l l2005h : in that case, we 
determined that the filaments would be required to be 
even more massive than the ones discussed in this pa- 
per (for the same nominal density n — 10~ 4 cm~ 3 , the 
filament length would exceed 10 Mpc). In an upcom- 
ing paper (in preparation), we will show that the excess 
emission in Abell S1101 was overestimated, due to a sig- 
nificant revisi on of the HI column d ensity in the direction 
to the cluster ([Kalberla et al.ll2005f ): the reduced flux will 
make the estimates similar to the ones presented in this 
paper. 

Current X-ray missions are not designed for studies 
of large-scale soft X-ray emission, given their narrow 
field of view a nd issues in the calibr ation of the 1/4 
keV band (see iNevalainen et al.l 12007 for a discussion 



on th e XMM-Newton soft band, and IBonamente et all 
120071 on Chandra). The presence of filaments has there- 
fore been mainly investigated in absorption, giving few 
tentative dete ctions of absorption li nes due to filaments. 
In particular, iNicastro et al.l (|2005T ) detected z > ab- 
sorptio n lines towards Markaria n 421 with Chandra, al- 
though iRasmussen et al.l (|2007h did not confirm the de- 
tection with XMM-Newton. O f particular releva nce to 
the Coma excess is the work of lTakei"eT al. (2007), who 
used XMM-Newton RGS data to obtain a 3-cr detection 
of absorption lines in the spectrum of X Comae, a back- 
ground quasar at a projected distance ~ 25' from the 
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cluster center. Although that detection is of limited sta- 
tistical significance, it provides support to the thermal 
interpretation of the soft excess emission we discussed in 
Section [2T4l at least in the central regions of the cluster. 

The ROSAT mission continues to provide the most 
compelling detections of soft excess emission from galaxy 
clusters. Using pointed PSPC data, we were initially 
able to detect soft excess e mission in several clus- 
ters (jBonamente et all 2001a. c.b), confirmi ng the dis- 
covery papers based on EUVE observation (jLieu et al.1 



_ry_pj 

Il996allbf ). We then showed that a large fraction of clus- 
ters at high Galactic lat itude feature the excess emission 
(jBonamente et al.l 12002') . used a mosaic of four pointed 
observati ons of Coma to detec t the emission out to 
2.6 Mpc (jBonamente et al"1l2003f) and now, based on the 



ROSAT All-Sky Survey data, out to 5 Mpc. In all cases, 
ROSAT a unique combination of a reliable calibration in 
the 1/4 keV band, and the availability of contemporane- 
ous background, rendered these detections possible. The 
main advantage of searching for filaments in emission 
is the insensitivity to the abundance of metals, and to 
clumping of the gas. The observations analyzed in this 
paper show that a very modest exposure time with a 
wide-field soft X-ray camera is a most efficient way to de- 
tect emission from warm filaments in the neighborhood 
of clusters. 



We are grateful to Dr. S. Snowden for comments and 
suggestions on the data analysis. 
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